Voltage control using a variable capacitor and floator position estimation are proposed for designing a low-cost electrostatic suspension control system. When an electrostatic actuator and a variable capacitor are connected in series to a constant power supply, the voltage applied to the suspension system can be changed by varying the capacitance of the variable capacitor because the electrostatic suspension system can be treated as a capacitor. Moreover, the voltage is determined by these capacitances and so the floator position can be estimated from the voltage applied to the suspension system and the capacitance of the variable capacitor. The proposed voltage control system enables electrostatic suspension without a high-voltage amplifier or direct floator position detection. Therefore, this control system can reduce the total cost of electrostatic suspension systems. The principle of the proposed self-sensing control is described using a basic electrostatic suspension model. The position of the floator was estimated according to this principle. Self-sensing suspension was achieved by feeding back the estimated signal.
Introduction
Nowadays, electrostatic forces are used in many fields. For instance, they play a significant role in microelectromechanical systems (MEMS) (1) , (2) because electrostatic actuators are simple mechanisms and electrostatic forces are more effective than inertia forces. An electrostatic actuator is composed of parallel plate electrodes whose structure is often comb-like or laminated. These structures can be fabricated by photolithography. Another advantage of electrostatic forces is that they act on various materials such as conductors, semiconductors, and dielectric materials. Electrostatic actuators are developed to operate in special fields such as ferromagnetic (3) , magnetic-free, and vacuum (4) .
Therefore, further applications of electrostatic actuators are expected in various areas.
Noncontact suspensions are applied to transportation systems without any mechanical contact and contamination causing production loss. Noncontact suspension can be achieved using a magnetic, optical, aerodynamic, acoustic, or electrostatic force (5) . A magnetic force is stronger than an electrostatic force in conventional-size applications. However, it acts only on magnetic materials and so it cannot directly levitate semiconductors and dielectric materials (6) . Optical forces are used as optical tweezers or for optical trapping in biological fields (7) . However, the targets are limited to nanoscale objects. Aerodynamic forces are also used to suspend various objects. An air bearing can suspend objects by air pressure (8) .
with aerodynamic forces is that the compression fluid increases the operating costs. Acoustic forces can pick up objects in a manner similar to the Bernoulli gripper. However, they are unsuitable for a vacuum environment. Compared with the other forces, electrostatic forces have several advantages when the objects to be suspended are silicon wafers (11) , aluminum hard disks (12) , and glass plates (13) or when the operating environment is a vacuum or a strong magnetic field. In recent years, tilt motion controlled electrostatic transportation has been studied (14) . It represents a practical application to be realized in the near future.
A critical point concerning electrostatic suspension is the applied voltage. Because the electrostatic force per unit area is determined by the intensity of the electric field, we have to apply a high voltage to suspend objects. At the same time, the voltage should be less than the breakdown voltage. In the examples mentioned (4) , (11) (12) (13) , the applied voltage was several kilovolts. Such high voltage is usually controlled with a high-speed and high-voltage amplifier; however, such an amplifier is costly. One of the methods for avoiding such amplifiers is the switching control method (15) . The applied voltage is switched between DC high voltage and zero voltage according to the floator position. Stable levitation is achieved with the aid of air damping. Previously, we proposed an electrostatic actuator control system that uses a variable capacitor (16) . This system has a constant power supply, a variable capacitor, and a suspension system, all connected in series. The voltage applied to the suspension system is determined by the ratio between the capacitance of the variable capacitor and that of the suspension system. Thus, the voltage applied to the suspension system can be controlled by varying the capacitance of the variable capacitor (17) .
Another critical question regarding electrostatic suspension is how to sense the floator position. Electrostatic suspension needs stabilization because it is inherently unstable. In general, gap sensors detect the floator position. Although there are various types of gap sensors, few are suitable for electrostatic suspension. For example, eddy-current gap sensors can detect only conductor or ferromagnetic materials, and they require some area for detection. Such a decrease in force generation area is not acceptable in many applications. In conventional suspension systems, laser-type optical gap sensors are used (11) . However, these sensors are still costly and increase the size of the total suspension system. Capacitive sensors are also applicable. Usually, these sensors need extra electrodes because of the expected control voltage noise. Another possibility is self-sensing actuation in which the force generation electrodes are also used for sensing (18) (19) (20) . Because self-sensing actuation is less costly and can be miniaturized, much research into these techniques is ongoing in industry (21) , (22) .
In this study, a variable capacitor is used for the voltage control of electrostatic suspension. Estimating the floator position is simultaneously achieved using the variable capacitor. That is, self-sensing electrostatic suspension with a variable capacitor is achieved. Section II starts with an overview of a basic electrostatic suspension system, and continues with the principles of a voltage control system using variable capacitor and position estimation of the floator. Section III shows the experimental apparatuses. Section IV presents several experimental results of voltage control using a variable capacitor and static position estimation. Section V demonstrates the realization of self-sensing electrostatic suspension with a step response.
Principles

Electrostatic suspension
A basic model of an electrostatic suspension system is shown in Fig. 1 in which only the vertical translational motion is considered. This suspension system consists of a floator, electrodes for generating the electrostatic force, a gap sensor, and a voltage control system. In this system, charges induced in the floator generate the electrostatic force between the floator and electrodes. The electrostatic force is given by (17) Journal of System Design and Dynamics
where ε denotes permittivity, S a denotes effective area of an electrode, 
where D a0 and V a0 are the gap and voltage in the steady state, respectively. The linearized equation of motion of the single degree of freedom (DOF) electrostatic suspension system becomes
The force can be controlled by varying v a . Therefore, we can stabilize the suspension system by controlling the voltage.
Voltage control system using variable capacitor
A variable capacitor is used to control voltage (17) . In this voltage control system, the suspension system consisting of the floator and electrodes is treated as a capacitor where the capacitance is given by
The electrostatic suspension system is connected in series to a variable capacitor C v and a constant power supply E, as shown in Fig. 2 in which V a and V v denote the voltages across 
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C a and C v , respectively. If all voltage losses are negligible, the voltage applied to the suspension system is theoretically given as
Thus, V a can be adjusted by varying C v that is the capacitance of the variable capacitor.
Variable capacitor
There are several ways to continuously vary the capacitance C v . A parallel plate capacitor has the capacitance of
Therefore, the capacitance C v can be varied by the following three physical quantities:
permittivity ε. The gap and area can be varied by moving the electrodes. Varying permittivity is not practical because it is technically difficult to directly vary. In addition, it would cause a control delay. Therefore, capacitance should be controlled by varying the gap or area. Two examples of variable capacitors are shown in Fig. 3 . The typical shape of an electrode is circular or square. Laminated electrodes are effective in making the capacitance large. The electrodes are classified as (a) translational and (b) rotational. The dynamics of the actuator determines the voltage control bandwidth.
Self-sensing control
Self-sensing control means that no displacement sensor is used to directly detect the floator position. The position is estimated by measuring other quantities. Then, voltage is controlled according to the estimated position. Next, a method for estimating the position of the floator is proposed. Equation (7) is transformed to
Equation (6) is substituted into Eq. (9), and the gap D a is given by
Equation (10) implies that the floator position is determined by the capacitance of the variable capacitor C v and the ratio of the voltage applied to the suspension system and the variable capacitor when ε, S a , and E are constant. Therefore, we can estimate the position from C v and V a or V v . In the following experiments, the value of C v was calculated by measuring the gap D v . In contrast, the direct measurement of V a without ill effects to the capacitor circuit is difficult. To overcome this problem, the alternating voltage E' is added to the direct voltage E. Since the alternating voltage can be extracted with a high-pass filter, it is possible to measure a V ′ , which is the alternative voltage across the electrodes. The relation between the 
Journal of System Design and Dynamics
Equation (12) indicates that the floator position can be found by measuring D v and a V ′ . Figure 4 shows a configuration of the experimental apparatuses. The suspension system has three pair of electrodes. The variable capacitor and the power supply were connected in series to each pair of electrodes of the suspension system. The suspension system was mainly composed of electrodes, a floator, and optical displacement sensors, as shown in Fig. 5 . There were positioners for setting the floator initial position. To prevent the short circuits when the floator makes contact with the electrodes, the surfaces of the electrodes were insulated. The 3 DOF motions of the floator were controlled using these three pairs of electrodes. 
Experimental Apparatus
Configuration of self-sensing suspension system
Variable capacitor mechanism
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Vol. 6, No. 5, 2012 method because the direct measurement of the floator position usually requires costly sensors such as optical or capacitive sensors. Figure 7 shows the capacitance of the variable capacitor when the gap was statically varied. There is no hysteresis. The relation between C v and D v can be approximated based on Eq. (8) . From this experimental result, it was confirmed that it is sufficient to measure the gap D v in order to estimate the capacitance of the variable capacitor.
The performance of the voltage control system depends on the dynamic characteristics of the variable capacitor because the voltage control bandwidth is limited by the response speed of the actuator of the variable capacitor. The applied voltage must be quickly changed for achieving stable electrostatic suspension. Figure 8 shows a frequency response of the variable capacitor in the open loop. It has a peek at 60 Hz and a bandwidth of 80 Hz. Because no time delay is expected between the gap and the control voltage, the variable capacitor has a sufficient response speed for achieving electrostatic suspension. The voltage 
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Voltage detector
A circuit for measuring the amplitude of the alternating voltage was fabricated. This circuit was called the voltage detector. The voltage detector was composed of a band-pass filter, a diode detecting circuit, and a low-pass filter, as shown in Fig. 9 . When the gap D a and/or D v vary, the amplitude of the alternating voltage applied to the suspension system changes according to Eq. (7). The voltage detector outputs a signal proportional to the amplitude of the AC voltage a V ′ applied to the suspension system. Figure 10 shows a frequency response of the voltage detector. The input signal was an amplitude-modulated sinusoidal wave whose carrier frequency is 100 kHz. The horizontal axis shows the frequency of the modulation wave. The voltage detector was designed to have a 1 kHz bandwidth that is sufficient to estimate the floator position. The bandwidth can be made wider using a higher-frequency carrier wave.
Static Position Estimation
To estimate the position of the floator, the gap of the variable capacitor D v and the ratio ) ( Figure 12 shows that the estimated position can be obtained by multiplying these signals. This indicates that proper calibration is necessary. Figure 13 shows the calibrated signals of the position estimation shown in Fig.  12 . Almost the same estimated positions were obtained for the three areas of the electrode. This demonstrates that the estimation is independent of the electrode area of variable capacitor. 
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Vol. 6, No. 5, 2012 (Fig. 14) , the electrode might make contact with the insulating sheet. The gap of the electrodes was made consciously narrow and the range of the moving electrode was made sufficiently wide for contact, which resulted in visible nonlinearities.
On the other hand, in Fig. 15 , the range of the moving electrode was made narrow to avoid contact, which led to the linear characteristics. Therefore, we should adjust the range of the moving electrode of the variable capacitor to obtain linear characteristics and simultaneously adjust the area of the electrodes to obtain a capacitance suitable for voltage control. Figure 16 shows a frequency response of the position estimation. In this experiment, the floator was moved by the VCM. The optical gap sensor detected the floator position for reference. The gain and phase of the estimated gap to the reference are presented. The bandwidth of the position estimation is 30 Hz. The frequency response jumped at a frequency of 60 Hz. This frequency is almost the same as the peak frequency of the variable capacitor, i.e., the position bandwidth estimation depends on the variable capacitor bandwidth. From these figures, it is expected that the position estimation is sufficient to achieve self-sensing suspension.
Self-sensing Electrostatic Levitation
We successfully achieved self-sensing electrostatic suspension using the estimated position. The suspension system has three actuators for controlling the 3 DOF motions. One of the self-sensing actuators was controlled according to the estimated gap; the others were controlled with high-voltage amplifiers according to the gaps measured by the optical gap sensors. When the floator starts to levitate, the measured gap uses and switches to the 
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Vol. 6, No. 5, 2012 estimated signal. The actuator is controlled in the self-sensing mode while levitating. Figure  17 shows a step response of the floator position. The estimated gap was compared with the measured gap. However, we found an amplitude error of 3%. The accuracy of levitated position is even enough 10% of that. This error is sufficiently small in order to keep noncontact. One of the causes of this error is the gain variations in the electric condition, which is owing to a contact between the floator and the positioners under the calibration of the static position estimation. It is expected that the amplitude error can be reduced using a compensation gain.
Conclusions
This study describes the principle of voltage control using a variable capacitor and self-sensing control. For position estimation, an AC voltage was applied and the synchronous component was extracted using a newly designed circuit. This enables the voltage across the actuator to be measured. We showed the results of the static position estimation and found that the position estimation depends on the variable capacitor bandwidth. The gap was estimated from the gap of the variable capacitor and the voltage across the actuator. It was shown that the position estimation needs calibration, and the characteristics changed when the floator is in contact with the positioners. The experimental results demonstrated the feasibility of self-sensing suspension.
